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In this study, both 2D and 3D numerical simulations of a well-documented circulating 
fluidized bed with a square cross-section were conducted. With some assumptions, a 
series of 2D simulations was first carried out to study the influence of grid resolution, 
initial flow field, and boundary condition on the flow hydrodynamics. It was found that 
2D simulations under-predicted the solids inventory even with the finest grid 
(10-particle-diameter grid size). On the other hand, a 3D simulation with relatively 
coarse grid was found in better agreement with the experimental data. Differences 




Circulating fluidized beds (CFBs) have been widely utilized in a variety of industrial 
applications including coal combustion, gasification, fluid catalytic cracking, etc. To 
accomplish successful and reliable design and operation of CFBs, numerous 
investigations pertaining to different hydrodynamic aspects of CFBs have been 
undertaken over the past few decades e.g. (1, 2). Among various research tools, 
computational fluid dynamics (CFD) is playing an increasingly important role in 
studying the complex flow hydrodynamics in CFBs. Numerical simulation of 
gas-solids flow in CFBs, usually with two-fluid model (TFM) based on kinetic theory of 
granular flow, requires a very fine mesh (typically 10~100 particle diameters), and 
consequently, very small time steps (typically 0.1~1.0 milliseconds). However, due to 
the high computational cost of multiphase flow simulations of usually very long CFBs, 
such a high resolution simulation is prohibitive.  
 
An appropriate simplification of the computational domain is necessary to achieve a 
good balance between speed and accuracy of the CFB simulations. Axi-symmetric 
assumption of the flow was employed mainly in the steady flow simulations as this 
assumption is likely to result in unphysical accumulation of particles along the axis in 
unsteady simulations (1). Alternatively, most unsteady numerical studies were carried 
out with a two-dimensional flow assumption in which a cut plane along the axis of a 
cylindrical column was simulated. Two-dimensional flow assumption is a rough 
assumption of the flow in a cylindrical column as the transient riser flow has significant 
angular movements despite its wide applications in the literature and successes in 
predicting certain flow hydrodynamics, for example, the core-annular pattern in riser 
flows. Undoubtedly, a 2D numerical simulation is not able to accurately account for 
the 3D effects resulting from geometry and operation. In addition, comparing ratios of 
wall area to column volume, 2D simulations inherently under-estimate the wall effects 
that are usually important in lab-scale riser flows. Hence, it is necessary to quantify 





In this study, the gas-solids flow in a well-documented circulating fluidized bed of 
square cross-section has been simulated. The influences of initial conditions and grid 
resolution on 2D simulations were investigated mainly with respect to solids loading to 
seek a way to accelerate numerical modeling. After that, a 3D numerical simulation 






An open source software, Multiphase Flow with Interphase eXchanges (MFIX), was 
used to conduct the numerical simulations. In MFIX, a multi-fluid, Eulerian-Eulerian 
approach, with each phase treated as an interpenetrating continuum, was employed. 
Mass and momentum conservation equations were solved for the gas and solid 
(particulate) phases, with appropriate closure relations (3). Constitutive relations 
derived based on the granular kinetic theory were used for the solid phase. More 
information on MFIX as well as detailed documentation on the hydrodynamic model 




A cold-model CFB riser of 146×146 mm square cross-section and total height of 9.14 
m was simulated. Sand of mean diameter 213 µm, particle density 2640 kg/m3 and 
loosely packed bed void fraction of 0.43 was used as the bed material. In this study, a 
superficial gas velocity of 5.5 m/s and a solids circulating flux of 40 kg/m2s were 
simulated. Detailed information on the experimental setup and measurements on void 
fraction and solids velocity profiles were 
provided in the literature (5, 6).  
 
In this study, both 2D and 3D simulations 
as schematically shown in Figure 1 were 
conducted. The simple geometry of 
square riser was discretized by Cartesian 
grid with uniform grid size in each 
direction. Uniform inflow boundary 
conditions were imposed at the bottom 
gas distributor and the solids side inlet and 
a constant pressure at the outlet was 
imposed. A partial slip wall boundary 
condition was applied for the solids phase 
and a no-slip wall boundary condition was 
used for the gas phase.  
 
RESULTS AND DISCUSSIONS 
 
A series of 2D simulations is first 
presented to evaluate the effects of grid 
resolution and initial flow condition. This is 
followed by the 3D simulation and the 




differences between 2D and 3D numerical simulations are briefly discussed. Finally, 




Different grid resolutions of 15×456, 30×456, 30×912, 60×912, 60×1824 and 
60×3648 were tested in the 2D simulations. The finest grid resolution (dy≈dz≈2.5 mm) 
corresponds to 12-particle-diameter grid size which is very close to the 
10-particle-diameter criterion for grid independence in gas-solids flow simulations (1, 
7). The simulation has been typically performed for 100 seconds of real-time for most 
grid resolutions reported here. The solids inventory inside the system was monitored 
in form of the overall solids holdup to characterize the flow development as shown in 
Figure 2. It can be seen from the plot that solids loading decreases with time and 
finally reaches a near-stationary value indicating the fully developed state. The grid 
resolution affects the history of solids loading inside the riser at the initial stage but 
has no significant influence on the solids inventory after reaching the fully developed 
state except for the coarsest grid. Compared to an estimation of solids holdup, which 
is greater than 0.08, based on the experimental measurements of cross-sectional 
void fraction (5), the current 2D simulations substantially under-predict the solids 
inventory. It seems that the under-prediction cannot be overcome by decreasing grid 
size even to 10-particle-diameter, at least for the current case. Similar finding was 
reported by Lu et al. (8) in their 2D simulations of CFB riser with FCC particles 
although the grid sizes in their study were greatly larger than 10-particle-diameter. 
Consistent to their study, refinement of grid does affect the predicted transient flow 
behavior for example the spatial distribution of solids. The transient flow fields 
suggest that a finer grid tends to predict higher gradient of concentration and lower 
void fraction in the clusters.  
 
Figure 2. Temporal variation of the overall solids holdup predicted by the 2D 




For the cases shown above, a uniform solids concentration of 0.15 was assumed 
throughout the domain as the initial flow condition. It is expected that the initial flow 
condition has no influence on the final results when the flow is fully developed. 
However, it is still meaningful to evaluate if different initial conditions affect the 
duration for the flow to fully develop so that the computation time can be shortened. 
For this purpose, two additional cases with initial conditions of a partial filled packed 
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bed with the same loading (solids holdup of 0.15) and a uniform solids concentration 
of 0.05 were conducted. Figure 3 presents the temporal variation of the overall solids 
holdup for cases with different initial conditions. As expected, the initial condition does 
not affect the solid inventory when the flow is fully developed. However, it does affect 
the time needed to reach the stationary state. These simulations indicate that it is 
helpful to set the solids loading closer to that at the developed state to decrease the 
simulation time and accelerate convergence through the initial transients. For real 
process simulations, this is possible since the solids inventory can be roughly 
estimated based upon the overall pressure drop.  
 
Figure 3. Temporal variation of the overall solids holdup for the cases with different 




The yz plane cutting along the side inlet and outlet was simulated in the 2D 
simulations. Constant solids feed rate at the side inlet was set based on the whole 
column cross-sectional solids flux reported in experiments. An alternate way was also 
evaluated to set the solids inflow rate based on the solids flux at the side inlet along 
the intersection of the yz plane. With this method, the solids circulating rate was 
higher than that based on the riser cross-section. For example, the resulting 
cross-sectional solids flux of 51 kg/m2s was 25% higher than that of 40 kg/m2s 
reported experimentally. As shown in Figure 4, the solids holdup at the fully 
developed state increases with the solids circulating rate. However, this adjustment of 
inflow condition in the 2D simulations cannot overcome the significant 
under-prediction of solids loading. 
 
Figure 4. Time variations of the overall solids holdup for cases with different solids 






A case with grid resolution of 30×30×456 is conducted for which 150 seconds 
simulation was completed to address the differences between 2D and 3D simulations. 
Temporal variation of the overall solids holdup predicted by both 2D and 3D 
simulations with comparable grid sizes is presented in Figure 5. There is a substantial 
difference between 2D and 3D simulations with respect to the solids loading. 
Differences in 2D and 3D simulations for both cylindrical and rectangular fluidized 
beds operated in bubbling, slugging, and turbulent fluidization regimes have been 
systematically discussed by Xie et al. (9, 10). Their results demonstrated that a 2D 
Cartesian simulation can be used to successfully study a bubbling fluidization regime 
close to Umf (minimum fluidization velocity) but needs extra caution for modeling other 
fluidization regimes with higher gas velocity. The substantial differences presented 
here indicate that 3D simulation should be used for modeling CFBs. Of course, this 
inevitably leads to an extremely large number of computational cells for a 
grid-independent simulation. Due to the prohibitively expensive computational cost, 
not many 3D unsteady simulations of CFB riser flows were reported. To overcome 
high computational cost, a coarse grid three-dimensional numerical simulation with 
appropriate sub-grid closure models is necessary, which has been addressed by 
many researchers, e.g. (8, 11
 
). Nevertheless, 2D simulations might be used as an 
effective tool to conduct qualitative study. 
Figure 5. Time variations of the overall solids holdup predicted by 2D (30×456) and 
3D (30×30×456) simulations. 
 
Due to the computational cost of 3D simulation, no sensitivity study on the grid 
resolution and initial conditions was conducted so far. However, in future it might be 
helpful to conduct sensitivity studies on grid resolution, wall boundary conditions, and 
other physical and operational parameters in 3D unsteady simulations. 
 
Comparison with Experimental Data 
 
Figure 6 presents axial profiles of mean void fraction at different lateral positions 
predicted by the current numerical simulations when the flow is fully developed as 
well as the experimental data measured by a fiber optic probe (5). General profiles of 
low void fraction at the bottom of the riser and gradually increasing towards the top 
are predicted by the 3D simulation. However, the trend is not correctly predicted by 
the 2D simulation and the void fraction is substantially over-predicted almost 
everywhere. The results clearly indicate that 3D effects in a CFB riser are important in 
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the case studied and assuming 2D flow can lead to under-prediction of solids 
inventory. Under-prediction of solids inventory with a fixed solids mass flux or 
over-prediction of solids flux with a fixed solids inventory has often been reported in 
the literature for 2D numerical simulations of CFB riser flows with fine FCC particles 
by using traditional inter-phase drag correlations. It is usually attributed to the 
unresolved meso-structure or clustering phenomena by insufficient grid resolution. 
The current results likely suggest that the three-dimensional effect is another reason 
for the discrepancies owing to the inherent differences between 2D and 3D 
simulations as stated before.  
 
Figure 6. Axial profiles of mean voidage at different lateral positions. 
 
Lateral profiles of mean void fraction at two heights are shown in Figure 7. Again, 
results of the 3D simulation shows better agreement with the experimental data than 
the 2D simulation. Offset of the void fraction maxima from the axis of the column is 
predicted. The asymmetric lateral distribution of void fraction caused by the side exit 
is reasonably captured. By examining the cross-sectional distribution of void fraction 
and solids velocity, a core-annulus flow structure is observed for this riser of square 
cross-section similar to risers of circular cross-section. Different lateral profiles of the 
mean vertical solids velocity at z=5.13 m above the distributor predicted by the 
numerical simulations are also compared to the experimental data in Figure 8. 
Numerical predictions are consistent with the experimental measurements, with most 
particles traveling downwards close to wall and upwards in the central region except 
that the rising velocity in the core region is under-predicted. Overall, the 3D numerical 
simulation shows reasonably good agreement with the experimental data. 
 
Although the 3D simulation produces much improved results, there are some 
discrepancies in void fraction and velocity profiles between simulation and 
experiment. For example, good agreement is obtained for the axial voidage profiles 
near the wall, but relatively poor agreement is predicted along the central axis. One 
possible reason can be the coarse nature of the grid (much larger than the 
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10-particle-diameter thumb-rule for grid independence) and probably a sub-grid 
correction for the inter-phase drag is needed to account for clusters. Another possible 
reason is the simplification of solids inlet and outlet configurations. For instance, the 
effect of solid side inlet cannot be accurately modeled by the simple uniform inflow 
condition upon entering the system. Fluctuations in solids concentration and velocity 
at the inlet have been predicted by numerical simulations with a short L-valve (12
 
). 
While, the simplification of the horizontal duct connecting the riser exit to cyclone into 
a simple pressure outlet is not capable of predicting the solids accumulation in the 
duct and its influence on the riser flow observed in the experiments. Closer 
agreement with the experimental data is expected if more accurate inlet and outlet 
conditions are assigned for the simulations. 
Figure 7. Lateral profiles of mean voidage at z=7.06, 8.98 m and x=0 cm. 
 




In this study, both 2D and 3D numerical simulations of a well-documented circulating 
fluidized bed of square cross-section were conducted. Effects of grid resolution and 
initial flow condition were studied in 2D simulations. It was found that the time needed 
by numerical simulations to reach the stationary state can be reduced by carefully 
choosing the initial bed loading. However, it was demonstrated that the 2D 
simulations under-predicted the solids inventory even with very high grid resolution 
(~10-particle-diameter grid size). A 3D simulation predicted a considerably higher 
solids inventory compared to the 2D simulation. Profiles of void fraction and solids 
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velocity predicted by the 3D simulation were in reasonable agreement with the 
experimental data. Clearly, three-dimensional simulations are required to accurately 
represent a circulating fluidized bed system, at least for the system simulated. With 
this in mind, some conclusions obtained through 2D simulations might need further 
verification in 3D simulations.  
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